Observations made on the freezing of red cells at -79°C show that equilibration of the cells with a glycerol diluent reduces the amount of haemolysis in rabbit blood but increases it in sheep and ox blood. When ethylene glycol is substituted for glycerol, no effect of equilibration is detectable in rabbit blood, but haemolysis is increased in sheep and ox blood.
INTRODUCTION
The recent observations of Smith (1950) and Sloviter (1951) have shown that rabbit and human red cells may be satisfactorily preserved for long periods at -79°C without appreciable haemolysis, by the prior dilution of the blood with a medium containing glycerol. Other methods have been successful in preserving red cells, but very special conditions were necessary; the use of thin films and rapid freezing in liquid nitrogen (Luyet 1949) or rigid temperature control at -3°C (Strumia 1949) .
To achieve best results with methods using glycerol the following conditions had to be fulfilled (Sloviter 1951): ( i) A final concentration of glycerol between 10 and 15 per cent.
(ii) Rapid freezing and thawing.
( iii) The equilibration with glycerol for at least 1 hr before freezing. Failure to equilibrate caused considerable haemolysis. This process, in which the cells are suspended in a glycerol diluent for a period of one or more hours before freezing is to allow time for the glycerol to completely permeate the cells and so exert its protective action. The presence of sugars, in particular sucrose and lactose at 3-5 per cent. concentrations, has been of value in preserving red cells at _3°C (Strumia et al. 1950) . The addition of pentose and other sugars to glycerol media used for freezing bull semen has increased revival and also made possible good revival of ram semen (Emmens and Blackshaw 1950) .
In view of these observations and to extend the range of animal species examined, studies have been made on the effect of freezing red cells of the ., Department of Veterinary Physiology, University of Sydney.
PRESERVATION OF RED CELLS AT -79°C
567 rabbit, sheep, and ox in diluents containing various combinations of glycerol and arabinose, which is a readily available pentose sugar, and in addition ethylene glycol.
II. MATERIALS AND METHODS
Blood from rabbits, sheep, and cattle was taken by veni-puncture, 0·38 per cent. sodium citrate being added to prevent clotting. The blood was either used the same day or stored overnight at 5°C and used the following day. No attempt was made to obtain sterile blood. Diluents, which were tested for their effect on red cells on freezing, were 80 per cent. glycerol, 80 per cent. ethylene glycol (v Iv) in o· 8 per cent. sodium chloride, and the saline solution itself.
When required, arabinose (GUrT) was added to give 5 per cent. (w Iv) concentration. Before freezing, equal volumes of blood and diluent were carefully mixed, the final concentrations of glycols being 15 per cent. and of arabinose 2~ per cent. Before mixing, the blood and diluents were cooled to 5°C. Immediately after mixing 1 ml amounts of diluted blood were placed in 6 by 3~ in. soda-glass testtubes and rapidly frozen to -79°C. One hour after mixing, to allow equilibration of the cells with glycerol, further 1 ml samples were taken and rapidly frozen to -79°C. All frozen samples were kept at _79° for 1 hr and then rapidly thawed in a water-bath at 37°C. Control samples of blood were taken at the same time as those to be frozen and the plasma separated by centrifuging. After thawing, the plasma was also removed from previously frozen specimens.
To estimate cell damage, the optical density of supernatant plasma diluted 1 in 50 with 0·8 per cent. sodium chloride was measured. Measurements were made with a Coleman spectrophotometer at 550 m,u. with a suitable filter. A reference solution for each blood specimen was prepared from supernatants of the unfrozen, non-equilibrated tubes diluted with 0·8 per cent. sodium chloride only.
Analyses of variance of the results were performed, using the measurements of optical density as unit variable. The relation between optical density (D) and percentage transmittance (T) is given by the formula D = -In T, and the higher the density, the greater the cell damage. III. RESULTS Two separate factorial experiments were done with rabbit blood. In the first, five replications, each on a diHerent blood sample, were used to test the effect of glycerol, arabinose, and equilibration on the survival of red cells after freezing (Table 1) , and in the second experiment, with six replications, ethylene glycol was substituted for glycerol (Table 2 ). Summary analyses of variance, omitting sums of squares and mean squares, are given in Table 3 , for both sets of data. Haemolysis in the control tubes was slight and no values are included in the tables.
Analysis of the first experiment shows that equilibration of the cells before freezing helps to prevent haemolysis, but the effect is limited to those suspended in glycerol. The addition of arabinose to the medium has no significant effect on the amount of haemolysis. The significant sample-glycerol interaction indicates the varying effectiveness of the glycerol as a protective agent.
The situation with ethylene glycol is quite different; equilibration does not influence results and arabinose significantly increases the amount of haemolysis produced by freezing. The results for" saline and saline-arabinose for both experiments were combined into equilibrated and non-equilibrated groups and the two diluents compared within each group, using the t-test. In neither case was there any significant difference between the diluents. Tables 4 and 5 . Ethylene glycol has been included in these tests but the design is not factorial. Summary analyses of variance for both species are given in Table 6 and show that for both species equilibration is not only unnecessary but also harmful to red cell survival. On the other hand arabinose has a highly significant beneficial effect with both species, although the significant equilibration-arabinose interaction with ox blood indicates that the effect is limited to the equilibrated specimens.
The use of ethylene glycol is superior to glycerol when freezing ox blood but with sheep blood the significant ethylene glycol interaction, with equilibration shows that only after this treatment is it better than glycerol.
IV. DISCUSSION Smith (1950) and Sloviter (1951) have shown that, prior to freezing, a period of equilibration is necessary with a glycerol medium to achieve maximum recovery of rabbit and human red cells, which seems to indicate that penetration of glycerol into the cell might be essential for its preservation. Iii support of this, Lovelock (1953a) suggests that .the main source of damage associated with freezing is the high concentration of electrolytes both inside and outside the cell, and that damage is to the cell as a whole and not merely to the surface structure in direct contact with the medium, and that glycerol lessens the rise in salt concentration on freezing so that if it is prevented from permeating 
the human red cell destruction occurs, even though the salt concentration outside does not increase unduly. However, the red cells of the ox and sheep are only slightly permeable to glycerol, in contrast to those of man and the rabbit, which are unusually permeable (Jacobs 1931) , and equilibration is not only unnecessary but also harmful. However, ethylene glycol penetrates all these cells fairly rapidly, at about the same rate as glycerol with man and the rabbit (Jacobs, Glassman, and Parpart 1935) , but in those examined, equilibration is also unnecessary, although not harmful. From these results it seems possible that the protective action of glycerol and ethylene glycol for red cells is not dependent on penetration into the cell. All of the protective action of glycerol for two species could be related to physical changes in the medium or in the cell membrane, which Lovelock (1953a Lovelock ( , 1953b finds unable to prevent haemolysis in the absence of cell penetration. Smith, Polge, and Smiles (1951) observe that ice crystal formation is not prevented in the presence of glycerol, but the crystal shape is altered and the distance between crystals is increased.
Preliminary dilatometric observations have indicated that in glycerol-water solutions frozen to -20°C, considerable amounts of water do not form ice, the amount bound per g of glycerol being up to 2 g (unpublished data). If Lovelock's suggestion of high salt concentrations being the main cause of haemolysis on freezing is correct, it is clear that if glycerol prevents water from forming ice, the salt concentration cannot rise to haemolytic levels. The part played by arabinose is obscure, particularly as haemolysis is increased when it is used with rabbit blood in the presence of ethylene glycol, but it is known that the red cells of the rabbit, sheep, and ox are not readily penetrated by arabinose (Kozawa 1914 ). Sucrose and lactose, which do not penetrate human red cells, also help to prevent haemolysis when these cells are frozen to -3°C (Strumia et al. 1950) and their action also appears to be associated with changes in the medium or cell surface.
Any direct action of these substances on the cell membrane may be associated with the prevention of protein denaturation or with the breakdown of lipoproteins, which occur in the membrane. Sucrose and glycerol have been shown by Beilinsson (1929) to inhibit heat coagulation of egg albumin, while 'sucrose and glucose also prevent the coagulation of plant sap proteins by freezing (Hardt, Huddleson, and Ball 1943) .
Further observations by Lovelock (1953b Lovelock ( , 1954 on freezing red cells indicate that the high salt concentrations produced by ice formation do cause dispersion of lipids and lipoproteins from the cell membrane which may be modified by the presence of glycerol.
